This article addresses a long-term thermal dynamic analysis problem for aircraft fuel tank and the related solution. The new method combines the thermal node network analysis and the finite element numerical calculation based on the OpenFOAM software. Compared to the thermal node network analysis algorithm, the computational precision is significantly improved by numerical calculation on more delicate grid in the solid region. On the other hand, compared to conventional finite element numerical calculation method, the computational efficiency is significantly improved since the liquid level at every moment is determined by the volume integral of every grid along the gravity direction instead of volume of fluid method on the Fluent software and two thermal nodes are used to represent the air and the fuel, respectively, and solve the two-phase heat transfer with the fuel tank by the aid of grid computation of the heat exchange area. Taken a typical fuel tank heated by aerodynamic heat as an example, the results comparing to the volume of fluid calculation by Fluent software show that the computation time is reduced to 10.3%, while the max deviation of the tank wall temperature is kept within 6.5%, which meets the requirements of engineering calculation precision.
Introduction
The demands for thermal management in wide range of air vehicle systems are growing rapidly along with the increased mission power, vehicle survivability, flight speeds, and so on. The heat generated by different equipments must be collected, transported, and rejected to ram air or fuel, two principal heat sinks. In addition, increased emphasis on high stealth performance has led to abolish ram air opening and created greater reliance on fuel as the primary heat sink. The heat returned to fuel tank will result in thermally induced operating limits by its temperature increasing greatly during mission profiles. So, system-level thermal management design is requested and the dynamic thermal analysis of fuel tank temperature along the whole trajectory turns to be more significant.
It is difficult to compute conjugate heat transfer (CHT) between the fuel-air two-phase mixture and the solid region of the fuel tank by finite element numerical calculation algorithm used in the traditional computational fluid dynamics (CFD) field. Han et al. 1, 2 proposed a sharp interface model to establish the governing equations in different phase regions. Since it is difficult to catch the exact phase interface in complex case, Ettrich et al., 3 Zheng et al., 4 and others 5, 6 proposed a new phase-field algorithm for the simulation of multi-phase flows, which assumes that there is a transition layer of finite thickness between two phases and therefore establishes the governing equations in the whole multi-phase region. Most CFD software uses this algorithm called as the volume of fluid (VOF) model, but it costs too much time for the too small time step about 0.01s.
In order to cut down the computation time, Lan et al. 7 introduced an engineering algorithm based on thermal node network model. In this algorithm, fuelair mixture and solid region are simplified as thermal nodes network with a certain temperature and quality. The finite difference energy equations are established for these thermal nodes. Obviously, it can only got a very sparse temperature distribution since the thermal nodes network is often much looser than the element grid in CFD. Xu and Zhuang 8 and Cao et al. 9 used this method to predict the temperature at each node of the fuel system of a fighter, but they both took the fuel-air mixture as a single phase flow and got very rough results. It showed that the model is too simplified and the computation efficiency is very difficult to meet engineering requirement since too many parameters of the heat balance equations need to be determined by experience.
Concerning the specific demand on predicting the transient temperature progress of the aircraft fuel tank with long-term mission profile, Peng et al. 10 of our research group tried the dynamic thermal node network analysis method on the Sinda/Fluint software to solve the two-phase heat transfer problem of the fuel tank. It showed that compared to the VOF method on the Fluent software, the method can obtain a fairly accurate results while the calculation efficiency is improved greatly at the same time.
In this article, a new algorithm further combining the thermal node network model with the finite element numerical calculation is designed. It uses two thermal nodes with certain quality and temperature to respectively represent the two phases and solve the two-phase heat transfer problem in the fuel tank by aid of grid computation. The solid region is partitioned meshes and the whole dynamic thermal temperature distribution is calculated by the finite element numerical calculation.
Afterwards, the above algorithm is implemented on the OpenFOAM software, which is the free CFD software with open-source code and widely applied in recent years. [11] [12] [13] Taken a typical fuel tank heated by aerodynamic heat as an example, the calculation results comparing to the method of VOF by Fluent software show that the computation time is reduced to 10.3% which means the whole computation time for a typical trajectory of the magnitude of a thousand seconds is controlled within a week, while the max deviation of the tank wall temperature is kept within 6.5%, which meets the requirements of engineering calculation precision.
Description to overall algorithm
Because the typical fuel tank with the gravity-driven two-phase flow does not have obvious phase changing, the new algorithm combines thermal network model and numerical algorithm. According to the algorithm, the fuel and air in the fuel tank are abstracted as thermal nodes and solid fields are solved by finite element numerical algorithm.
Since fuel and air in the fuel tank are separately fully mixed by natural convection, convective heat transfer between fluid and solid region can be computed with the temperature of fluid nodes and the reasonable convection heat transfer coefficient. It means that the new algorithm does not calculate fluid region by finite element numerical algorithm. The radiation model of fluid-solid surface cannot rely on the fluid field. So, surface-to-surface (S2S) radiation model is chosen in this algorithm. The flow diagram of the overall algorithm is shown in Figure 1 . The time interval for twice update of fluid-solid interface is identified by Dt update .
There are two sections of computation need to be executed in every step. In the first section, update the heat flux of fluid-solid surface: In the second section, calculate the temperature of fluid nodes and solid regions:
Calculate the total heat get by fluid nodes in this
Dt update and update those temperatures. 2. Set the boundary condition of fluid-solid surface according to the total heat flux and compute the transient temperature field of solid regions.
Compute phase interface
In order to efficiently calculate phase interface for the fuel tank with complex geometry and gravity changing, the new algorithm sorts fluid grid units from low to high and calculates the phase interface according to the volume of the residual fuel. The specific method is as follows:
1. Generate tetrahedron grid for the air-fuel region. 2. Calculate the volume and the center point coordinate of every fluid grid unit and sort them from low to high according to their center point coordinate and gravity. 3. Obtain the volume of the residual fuel. 4. Count the volume of grid units from low to high until the total volume of the first i grid units more than the volume of the residual fuel. The height of the ith unit is the liquid level and the location of phase interface.
If the size of grid units is under millimeter level, the result of this method can meet the engineering design requirement.
Thermal network model of fluid nodes
Temperature of the air or the fuel nodes can be derived through the heat balance equation. Taking the heat convection and the heat of inflow and outflow into account, the heat balance equation can be written as follows
where the subscripts in and out imply the inflow and the outflow, respectively. After the heat transfer during the update time step of Dt update , the new temperature of the fuel node can be calculated as follows
where T, V, r, C p , and Q are the parameters for temperature, volume, density, specific heat, and the total heat through the fuel-solid coupling interface. The subscript f implies the fuel node. With the fuel flows out the fuel tank, the air of same volume flows into the fuel tank and mixes with the original air. After the heat transfer during the update time step of Dt update , the new temperature of the air node can be calculated as follows
where the subscript a implies the air node and the v ain represents the volume flow rate of air into the fuel tank. The total heat flux from the fuel tank to the air or the fuel node during the update time step of Dt update can be obtained by integrating the convective heat flux of each face unit of the fluid-solid coupling interface, which can be calculated as follows
where T wi and DS i are respectively the temperature and the area of the face unit, and h is the convective heat transfer coefficient, which can be assigned by engineering experience formula or numerical analysis of the flow field.
The total heat flux of each face unit of the fluid-solid coupling interface contains two parts of the convection heat flux and the radiation heat flux, which can be written as
where f rad is the radiation heat flux of each face unit. Then, the temperature gradient on the face unit can be set as f=K, where K is the thermal conductivity of the fuel tank.
Extension of thermal network model
A typical aircraft fuel system has one supply tank and several storage tanks for a fighter with single engine. 14, 15 The whole flow diagram of the fuel system can be illustrated as one tree structure as shown in Figure 2 .
In order to solve CHT problem for aircraft fuel system with structure of tree, the air-fuel thermal network model is extended. Every fuel tank with one air node and one fuel node is regarded as a thermal node of this thermal network. The supply tank is the root node of the network. Storage tanks are branch node or leaf node according to whether it has an upstream node or not. The air is allowed to flow into the thermal network only at the leaf nodes and the fuel to flow out at the root node. When a fuel tank has run out of fuel, it supplies air to its downstream nodes.
All the fuel tanks of a fuel system have the same gas material and fuel material, which is defined on the root node. The volume flow rate of outflow is defined on the leaf nodes. The flow rate of the branch nodes and the root node is decided by their upstream nodes.
In order to calculate temperature for this thermal network model, calculation of the heat and mass transfer between fuel tank nodes needs to be added to the original calculation process:
1. Downstream search from leaf nodes to compute the volume flow rate for every tank node. 2. Calculate the volume and the average temperature of the inflow's air and fuel for every tank node. 3. Mix the inflow fluid and the original fluid.
Update the temperature and the volume of air node and fuel node for every tank node.
These steps can be carried out after transient thermal analysis of the fluids nodes and the solid region. With the quality of heat and mass transfer in t;t + Dt update , these steps update the fluid nodes' temperature and volume to t + Dt update .
Implementation on OpenFOAM software
The new algorithm has three main steps: divide the airfuel region according to the drawdown; calculate the radiation heat flux on fluid-solid surface; obtain the temperature of the fluid nodes and the solid region. In order to implement these steps, geometrical information of the grid must be calculated beforehand. The overall process is shown in Figure 3 .
Divide the air-fuel region according to the drawdown named as ''point''; calculate the area and center point coordinate of the face units.
Read radiation information 
Dynamic thermal analysis

Geometric model
The 1/2 axis symmetry geometric model of a typical storage fuel tank over the engine inlet is shown in Figure 4 . The region respectively labeled as top, horizontal, vertical and bottom from top to bottom represents the thermal insulation layer, in which the top arc is heated by aerodynamic heating and the other lines are heated by the engine inlet air. There are two equipments labeled as X-EQ1 and X-EQ2, which geometric models are simplified as two cylinders with 1.5-mm-thick shell inside the tank and contacted with the tank shell through several fins.
Simulation conditions
The fuel tank is heated from the outside of the thermal insulation layer by the aerodynamic heat of the air flow with the recovery temperature of 1730 K. The natural convection heat transfer coefficients on each inner wall are calculated using the following formula separately. The results are shown in Table 1 Nu
where C and n are the coefficients; Nu, Gr, and Pr are Nusselt number, Grashof number, and Prandtl number, respectively. At the initial time, the tank is full of fuel. The initial temperature of the fuel and the solid region is 303 K. As time goes on, the fuel outflows go into the tank with constant speed and the empty volume is full of air.
Analysis results
This typical fuel tank heat transfer problem is solved by the new algorithm. The results of the temperature rise of the tank shell and the equipment are shown in Figure 5 .
The dynamic thermal characteristic of the fuel tank can be found from these results as follows:
In the first 360 s, as little heat flux through the thermal insulation layer, the fluid and the solid region of the fuel tank do not have obvious temperature rise. After 360 s, the temperature of the tank shell and the two equipments starts to significantly rise. The top shell of the tank has the quickest temperature rise since it is always exposed to the air. Oppositely, the bottom shell of the tank has the lowest temperature rise since it is always submerged in the fuel. Similarly, the temperature rise of the horizontal shell and the vertical shell has a significantly increase when they suddenly expose to the air with the drop of the liquid level. So, it shows that the fuel in the fuel tank is a very good heat sink since its specific heat is much more than the air.
The results by the VOF method on the Fluent software are shown in Figure 6 and the temperature contrast results of these two methods are shown in Table  2 . These results show that the following:
The temperature rise curves of the VOF method and the new algorithm have a good similarity. At 1500 s, the relative temperature difference is less than 6.5%. So, the accuracy of the new algorithm can meet the engineering design requirement. According to the results of Fluent software, the temperature rise rate of the horizontal shell and the vertical shell also has an sudden increase when they are exposed to the air, but the extend of the rise is less than the result by the new algorithm and the temperature rise curves do not have an obvious turning point. The reason is that VOF method is a phase-field algorithm and there is a transition layer between the two phase fluids. But the transition layer is ignored in order to simplify the computation of the thermal network analysis method in this article. In terms of efficiency, it takes 168 h by Fluent software and only 17.3 h by the new algorithm, which means the computation time is reduced nearly 90% by the new algorithm.
Conclusion
Aiming at solving the long-term thermal dynamic analysis problem for aircraft fuel tank, a new method combining the thermal node network analysis and the finite element numerical calculation based on the OpenFOAM software is designed and implemented. A case study results showed that the computational precision is significantly improved compared to the thermal node network analysis method and the computational efficiency is significantly improved comparing to the VOF calculation by Fluent software. The fuel has a good heat sink effect which can protect the temperature rise of the equipment and the tank shell much lower. When the solid region is exposed to the air in the fuel tank with the drop of the liquid level, its temperature will start to rise significantly.
In this article, only one pair of thermal nodes are used to represent the air phase and the fuel phase respectively to solve the heat transfer problem in the fuel tank by aid of grid computation. If there is more than one cycle of the natural convection among the air or the fuel with the solid region, more thermal nodes method with accurate determination of the heat transfer coefficient need to be studied in future research.
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